The surface tension of electrolyte solutions exhibits a minimum at millimolar electrolyte concentrations and then rises with increasing concentration. This minimum, known as the Jones-Ray effect, has been hotly debated over the past $80 years. If not considered as an artifact, it is typically ascribed to a phenomenological rare binding site for ions or ion pairs. Here, we propose an alternative underlying mechanism, namely that the hydrogen bond network of water responds to the collective electrostatic field of ions by increasing its orientational order, supported by recent surface tension measurements of NaCl solutions in H 2 O and D 2 O, and second harmonic scattering experiments in combination with ion resonant second harmonic reflection experiments. Recent thermodynamic and purely electrostatic treatments of the surface tension provide support for this interpretation. In addition, concerns related to possible artifacts influencing the measurements are quantified experimentally.
Introduction
The surface tension of aqueous salt solutions in contact with air generally increases with salt concentration. This increase in the surface tension was first shown and explained, almost 8 decades ago, by Onsager and Samaras with a model based on DebyeHückel theory [1] . More specifically, the surface tension increases as a result of ion exclusion from the interface that happens as a consequence of electrostatic image forces [1, 2] . This surface tension increase as a function of electrolyte concentration is shown in Fig. 1A for a selection of common electrolytes including BaCl 2 , KI, KCl and NaCl. The data are adapted from Ref. [3] . It can be seen from Fig. 1A that at concentrations > 0.5-1 mol/kg, the surface tension increases linearly. The increase starts in fact already at $ 50 mM [4] . The slope of the monotonic increase depends on the chemical nature of the electrolyte. This specificity could not be captured by the model of Onsager and Samaras. In recent years, experimental and molecular dynamics simulation studies have shown that there is a specificity in the exclusion of simple ions from the interfaces [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . For instance, ions with high polarizability, i.e., I À , SCN À , and Br À , are less excluded from or even included into the air/water [15, 17] . macromolecule/water [10] or oil/water [8, 18] interface. Several models have been proposed to explain this ion specificity [5, 12, [19] [20] [21] [22] [23] [24] [25] [26] . What all these explanations have in common, is that the size, polarizability and molecular interactions such as hydrogen bonding and ion-dipole interactions are the main ingredients of the observed behavior. As such, although there remain some open questions, there is a general agreement as to what causes the increase in surface tension. Curiously, such a consensus is not present for ionic strengths below $50 mM where surface tension measurements have and still are causing controversy. First, there is the matter of the experimental data. Just one year after Onsager and Samaras introduced their model of ion repulsion at interfaces, Jones and Ray reported on the surface tension of aqueous KCl solution at very low ionic strength. They measured, using the capillary rise method, that the surface tension gradually decreases reaching a surface tension minimum at $1 mM. Above 1 mM the surface tension gradually increases again according to the above described trend [27] . Fig. 1B displays the data from Ref. [27] for KCl. In subsequent years, using the same method, the same surface tension trend was reported for a total of 13 different electrolyte solutions [28] [29] [30] [31] . Jones and Ray showed that all the tested salts have a surface tension minimum near 1 ± 0.5 mM and that the minimum in their measured response corresponded to a change of $ À0. by Jones and Ray have been hotly debated: Some researchers have reproduced their results and have proposed an explanation [13] [14] [32] [33] [34] . Others have questioned the validity of the experiments. Langmuir blamed the minimum on artifacts of the capillary rise method, viz. the thickness of the wetted film on the glass walls was not well determined [35, 36] . Cassel presented an alternative view that an increase of the wetting angle may be involved [37] . Coolidge suggested that the contact angle may be imaginary [38] . In contrast, Dole and Swartout reproduced the Jones-Ray surface tension data with a differential surface tension apparatus, a socalled twin-ring tensiometer, where double 90% Platinum/10% Iridium alloy rings were utilized to measure the surface tension of salt solutions [32] . Another method for measuring surface tension, the bubble pressure method, was employed to measure changes in surface tension. The surface tension decline could be observed, but only with long-lived bubbles. Short-lived bubbles did not show a decrease in the surface tension. This result again raised validity questions, this time about the impact of organic impurities and the influence of atmospheric CO 2 (g) in these experiments [39, 40] .
A second issue is the matter of the underlying mechanism. Why would the surface tension have a minimum at very low ionic strengths and why is this not ion specific? Dole was the first accepting the validity of the experimental results by Jones and Ray and suggested a mechanism that is based on the adsorption of ions to a phenomenological and exceptional binding site (in his own wording 'active spot') on the water surface [42] .
Since surface tension measurements report on free energy changes that are not specific to any of the constituents of the system or to any mechanism, a more surface specific probe is needed. A decade ago, Koelsch and Motschmann performed ellipsometry measurements on salt solutions [43] [44] [45] . They quantified their method and calibrated their instrument against surface tension and second harmonic generation (SHG) of ionic dye solutions, and determined that their experiment would be sensitive enough to detect the minute amounts of ions in the interfacial region that are necessary to reduce the surface tension. However, no change in the ellipsometric response was found below 10 mM. (P. Koelsch, private communication 'I thought by that time that we should be able to see ion induced differences in the ellipsometric angle D, but it stayed dead flat.') Around the same time, Petersen and Saykally reported ion resonant SHG surface reflection experiments that showed an increase in the SHG response at concentrations $ 0.5 mM and saturating at $ 100 mM [13, 14] . The resulting intensity change as a function of salt concentration followed the shape of a Langmuir isotherm. It was therefore concluded that ions bind to specific surface sites already at very low salt concentrations. The mechanism for this behavior was essentially identical to that of Dole using the same phenomenological rare binding site argument. After all, at very low ionic strengths ions are preferably solvated, as the hydration free energy of most ions are negative and thus, favorable. Recently, Garde and coworkers suggested that such a rare binding site could involve the pairing of ions with the counterions being situated at the interface [34] , even though this should happen at very low ionic strengths where ion pairs have not been observed experimentally. Overall, the Jones-Ray effect has been considered as a surface phenomenon and the suggested mechanisms involve a rare, unknown ion or ion pair binding site. This non-ion specific binding site that saturates around a few mM salt concentration is hard to reconcile with physical arguments and thus many researchers have been, and still are, questioning the Jones-Ray effect and its explanation [13.14,29,31,33.34,37-40] .
In this work we revisit a recent reproduction of the Jones-Ray effect [33] , measured with the Wilhelmy plate method for NaCl in H 2 O and D 2 O (Fig. 2A) . We first discuss the interpretation of a surface tension measurement using the Wilhelmy plate method and then examine the abovementioned experimental concerns in detail, considering the contact angle, the effect of dissolved CO 2 (g) and the influence of organic impurities by means of explicit measurements. We then consider the interpretation starting from thermodynamic expressions and discuss possible mechanisms behind the Jones-Ray effect based on bulk specific and surface specific second harmonic measurements. These measurements show changes for light and heavy water that match the difference observed in the surface tension measurements, and paint a picture of the reorientation of (bulk) water in the extended hydration shells being responsible for the observed decrease in surface tension, rather than filling up of surface binding sites. Thus, instead of the electrolytes being attracted by the interface to a rare binding site, it is the bulk solution that is responsible for the observed effect. We finish with a discussion of two recently published thermodynamic and purely electrostatic treatments of the surface tension that support this interpretation. [27] , along with the surface tension values of KCl (black squares) measured with a twin-ring apparatus by Dole and Swartout (adapted from Ref. [32] ). The red and black lines are guides to the eye. The inset shows a schematic of the capillary rise method [41] . In this method, the height of an aqueous solution (h) in a thin capillary is proportional to the surface tension (h / c). All the 13 tested salts by Jones and Ray yield the same trend as the red data set.
Materials and methods

Chemicals
All chemicals that were employed for the different measurements were used as received. A NANOpure Ultrapure Water System (Barnstead) and a Milli-Q-UF-Plus instrument (Millipore Inc.) were employed to obtain 18.1 MO cm water to prepare light water (H 2 O) samples. All heavy water samples were prepared with D 2 O (99.9% d, > 2 MO cm, Cambridge Isotope Laboratories and Armar) Samples were prepared in glassware that was piranha (3:1 H 2 SO 4 (95-98%, Sigma) and H 2 O 2 (30%, Macron Fine Chemicals)) cleaned and rinsed with copious amounts of ultrapure water prior to use.
Surface tension measurements
Surface tension measurements were performed using the Wilhelmy plate method. The Wilhelmy plate method [41] , as illustrated in Fig. 2A , uses a vertically suspended Pt plate with a perimeter (l) which is pulled out of the electrolyte solution towards the air. The force (F) acting on this plate is measured with a microbalance, and it is correlated to the surface tension (c) by the following equation:
Here u is the contact angle between Pt and water. u is assumed to have a value of u ¼ 0 based on literature [46] . This is verified in Fig. 3 . With u ¼ 0°the measurement accuracy of the method is $0.1% [41] .
The surface tension (c) can be defined as the change in the free energy when the surface area is increased by a unit area [41] . For an air (a)/water (w) interface it can be expressed by:
W w and W a are the reversible work needed to separate two unit areas of two surfaces from contact with one another to infinite spacing in vacuum. W wa refers to the work of adhesion to create a unit area of air and water. Since molecules in an ideal gas are non-interacting W a ? 0. W wa ? 0 as well because of the low concentration of gas molecules compared to the concentration of water molecules in the liquid phase (a factor of 1000 lower). The change in the surface tension in Fig. 2B , Dc (Dc = c solution À c water ), as a function of electrolyte concentration can be expressed as:
Since W a ? 0 and W wa ? 0, @DWa @c ¼ @DWwa @c = 0. To measure small changes in the surface tension, care needs to be taken because of the possibility of surface active contaminations. To help eliminate this effect, all solutions were stored in closed glass containers with glass caps as opposed to plastic or Teflon ones. The glassware was cleaned in a piranha solution (3:1 H 2 SO 4 :H 2 O 2 ) before use. Moreover, sample solutions were freshly prepared just prior the measurement with degassed ultrapure water or D 2 O and with different batches of highly pure NaCl salt (>99.999%, the highest commercially available). Environmental influences including any possible dust contamination, vibrational instability, and temperature were maximally minimized: The experiments were performed in a class 1000 clean room (ISO class 6, 1000 p/ft 3 , Clean Air Products), with an Attension Sigma 701
Force Tensiometer (Biolin Scientific), that is equipped with an Attension Pt Wilhelmy plate (Biolin Scientific). This apparatus was placed on a vibrationally isolated table (Micro-g Lab Table, TMC). The room temperature was monitored and controlled to stay within 23.5 ± 0.3°C over the course of the experiments. Moreover, personal protective equipment including nitrile gloves, a hair net and clean room compatible garments were worn at all times. The Pt Wilhelmy plate was cleaned with a flame produced by a mixture of H 2 :O 2 gas in order to make sure the Pt surface is kept clean from any organic impurities including unburned organic gas molecules. In a generic measurement, the aqueous solutions were measured with 40 mL of desired aqueous solution in a glass crystallization dish that has 102 cm 2 surface area in contact with ambient clean room air. Each sample solution was probed a minimum of 40 times ($40 min) and every reported surface tension data point was reproduced at least 5 independent times for H 2 O and 2 times for D 2 O.
Contact angle measurements
The contact angle measurements were performed with a Dropshape analyzer (DSA 30, Krüss). A schematic of the experimental setup is illustrated in Fig. 3A . In these measurements, a freshly cleaned Attension Pt Wilhelmy plate (Biolin Scientific) was placed vertically on the sample stage. Then, we placed 30 lL of aqueous solutions at various NaCl concentrations on the side surface of the Pt Wilhelmy plate and the resultant droplet shape was acquired. The contact angle value was detected by the ADVANCE software (Krüss) unless a complete wetting occurs. When the drop completely spread over the substrate surface, the contact angle was considered to be 0° [41] . Note that, all tested sample solutions demonstrated complete wetting properties when the Pt plate was utilized as a substrate. The contact angle of a polyethylene/aqueous solution interface was also acquired as a reference sample, yielding a contact angle of 95° [47] .
Total organic content measurements
The amount of organic impurities in tested aqueous solutions was acquired with a total organic content analyzer (TOC-V, Shimadzu), that has a detection limit of 0.5 lg/L. First, a reference aqueous sample with 10 lM concentration of sodium dodecyl sulfate (SDS) surfactant was measured in which the total amount of organic content was reported to be 10% more than the added SDS amount. This degree of error is expected based on the abovementioned detection limit of the instrument. In order to test the organic impurity in the aqueous salt solutions, a 4 M NaCl (99.999%, Sigma-Aldrich) salt solution was analyzed. Such a high salt concentration is necessary to reliably detect the trace amount of organic impurity contained in the salt, if there is any.
Conductivity and pH measurements
The pH and conductivity of aqueous solutions were obtained with potentiometric measurements. A Henna Multimeter (HI-5521, Henna Instruments, USA) capable of performing both pH measurements (using a glass electrode HI 1131, Henna Instruments) as well as conductivity measurements (using a Pt wire conductivity probe HI-36312) was employed. The pH meter was calibrated before measuring with standard pH solutions of pH 4.01, pH 7.01, and pH 10.01 (Henna Ins.; HI-7004, HI-7007, and HI-7010). The pH measurements were performed with two separate pH electrodes, and the data are recorded after the readout value remains unchanged at least for a few minutes. Fig. 4A and B).
Resonant second harmonic generation
The details of the experiments can be found elsewhere [11, 13, 14] . The resonant second harmonic data are adapted from Refs. [14, 33] . Briefly, a homebuilt femtosecond oscillator was employed to pump a regenerative amplifier (Spectra Physics, Spitfire, 1 kHz, 90 fs, 2 mJ) after which two optical parametric amplifiers (Light Conversion, TOPAS) enables tunability. The fundamental laser beam was focused onto the sample solution at 45 o . The reflected second harmonic light was filtered and recollimated with dichroic mirrors, and prism. Then, it was collected with a solar blind PMT (Hamamatsu, R7154PHA). The sample solutions were gently stirred by flowing nitrogen over the sample solution. Each data point was reproduced over at least 2 different days.
fs-Elastic second harmonic scattering measurements (fs-ESHS)
The details of our fs-ESHS setup [49] and the details of bulk aqueous solution experiments [33] were described and discussed in details elsewhere. Briefly, a beam of 190-fs laser pulses centered at 1028 nm at 200-kHz repetition rate was filtered (FEL0750, Thorlabs) and employed as the fundamental beam with 0.3 lJ pulse energy (incident laser power P = 60 mW). The polarization of the input pulses is controlled by a Glan-Taylor polarizer (GT10-B, Thorlabs), and zero-order half-wave plate (WPH05M-1030). The input pulses were focused into a cylindrical glass sample cell (inner minimum is even broader than for H 2 O. These observations thus confirm that small changes in the surface tension of dilute salt solutions can be measured. Moreover, the minimum in the surface tension of the H 2 O/air interface appears at the same concentration range as in the measurement of Jones and Ray. D 2 O solutions, on the other hand, display a minimum at a very different ($14 mM) but still low concentration. This difference suggests that the solvent plays a major role (rather than the ion, as in the high concentration range) in determining the free energy difference between the surface and the bulk. Before discussing a possible mechanism that explains the influence of the solute on the surface tension in detail with the aid of SHG experiments of both the water and the ions, we first discuss and consider concerns about the experiments performed on low salt concentration aqueous solutions, considering the different surface tension measurement methods, the contribution of a possible non-zero contact angle of the Pt/water interface, the presence of organic impurities, and the effect of dissolved CO 2 (g) and ions from the walls of the glass container. The following results and discussion section is therefore divided into three sections: The magnitude of the change in c, $0.5%, is bigger than the change observed by Jones and Ray. The difference can be explained as follows. With the Wilhelmy plate method (Fig. 2B ) the air/water surface tension is measured directly and relates only to the work of adhesion of the air/water interface. The capillary rise method used by Jones and Ray (inset, Fig. 1B ) also reports on changes of the glass/water interface (which has a non-zero contact angle of $20-30°depending on the surface pretreatment [50] ), and the measured changes in the height of the water column also correlate non-trivially to changes in the thickness of the water meniscus (r) [35] . The magnitudes measured by the capillary rise method are therefore always smaller than those measured by the Wilhelmy plate method [41] . The data measured with the Pt/Ir ring balance method [32] (also shown in Fig. 1B ) displays indeed a larger change in the surface tension, but it is still smaller than what we measured in Fig. 2B . This difference is explained by the water used: distilled vs. ultrapure water. The distilled water used in the 1930s and 1940s probably has a significantly higher ionic strength (>100 lM) than the ultrapure water of today (<1 lM), which would reduce the relative change observed in the surface tension. 
The contact angle of the Pt Wilhelmy plate with water
Embedded in Eq. (2) Fig. 3A . Fig. 3 (1)) is equal to the surface tension value of the air/aqueous solution interface.
The presence of organic impurities in salt
A commonly raised concern for surface tension measurements or in general for any air/water interface measurement performed at low ionic strength is the influence of trace organic impurities in the main phase on the surface properties. Trace impurities might lower the interfacial tension as they are generally surface active, and surface active agents are known to lower the surface tension up to a concentration range of 10-100 mM [51] , depending on the critical micelle concentration (cmc). At concentrations above the cmc the surface tension remains constant at a very low value. To determine the magnitude of this effect, we measured the concentration of organic contaminants in NaCl solutions with a total organic content (TOC) analysis. To determine the TOC in the electrolyte solutions we measured the TOC of 4 M NaCl salt solutions. We found an average value of 1.33 ± 0.15 mg/L of organic impurity content. Assuming an average molecular weight of 200 g/mol for a hypothetical organic impurity, the concentration of organic impurity in a 4 M NaCl solution would amount to 6.5 lM. Then, for a 2 mM NaCl solution, this analysis would bring the concentration of organic content down to 3.3 nM. Assuming now that those impurities are also surface active, they should have a cmc in the range 10 lM-100 mM [51] . With 3.3 nM being far below the cmc, and the observation comprising a minimum, from which the surface tension rises again, it cannot be expected that organic impurities will lead to the observed surface tension changes in Fig 2B. Moreover, since cmc's are only barely different in light and heavy water [52] , we would not expect a difference in the surface tension of light and heavy water for organic impurity induced surface tension changes. As such, the influence of organic contaminants is only minimal and cannot account for the observed surface tension minimum of the Jones-Ray effect.
The influence of CO 2 (g) from ambient air
Another possible source of artifacts is the total amount of dissolved CO 2 (aq) in the aqueous solution. The equilibrium between atmospheric CO 2 (g) and water acidifies the aqueous solutions via carbonic acid formation, leading to changes in the ionic strength. In order to probe solution acidification, we performed pH and conductivity measurements of aqueous NaCl solutions. Fig. 4A shows pH measurements (left axis) for 27 lM and 2.5 mM NaCl solutions and corresponding H + ion concentration (right axis). The solutions were prepared in containers in contact with ambient air. Fig. 4B shows the total conductivity (left axis) and calculated ionic strength (right axis) for a 27 lM solution of NaCl in contact with ambient air. The pH (red circles and black squares, Fig. 4A ) of the aqueous solutions gradually decreases and the conductivity (Fig. 4B ) gradually increases as a function of time. For both solutions, indeed, the pH of the solution alters as a function of time. Nevertheless, the corresponding changes are very small, amounting to an increment in the hydronium concentration of 4 Â 10
À7
(27 lM), and 8 Â 10 À7 (2.5 lM) after 24 h. The conductivity increase for the former solution amounts to 6.2 lM of added ions after 24 h. As the surface tension measurements were performed on fresh solutions and took no more than 1 h, as indicated by the yellow area, the effect of carbonic acid from the atmosphere, or the desorption of ions from the walls of the glass containers results in a maximum increase in the ionic strength of 1.4 lM. It can thus be excluded as being of significant influence for the Jones-Ray effect. In addition, the pK a value for the H + ion formation from dissolution of CO 2 (g) is different in light and heavy water $5.65 vs $6.10, respectively [53, 54] . With such a difference, if there was any significant effect from CO 2 (g) on our surface tension data, the minimum in D 2 O would have to appear at lower concentrations, not at higher ones.
3.2.
Probing the surface and the aqueous phase with second harmonic generation
The surface
The adsorption of ions on the air/water interface was probed with resonant SHG experiments by the Saykally lab [13, 14] . In these experiments, the second harmonic wavelength was tuned to match the energy of the charge transfer to solvent transition of certain anions. As such, the SHG photons probe the surface presence of anions in the first monolayers of the interface. The thickness of this slab is not well defined, however, as it is determined by a criterion of absence of spatial centrosymmetry of the anions [55] . The resonant response of I À ions in NaI and KI solutions is plotted in Fig. 5A . As can be seen, the resonant second harmonic ion response starts to rise at $0.5 mM and levels of at $100 mM for both NaI (orange squares) and KI (green circles). Beyond hundreds of mM salt concentration, it increases again [13] . The found trend directly indicates the accumulation of I À ions to the air/water interface. This data was described in terms of surface binding sites, as the curve matches a Langmuir adsorption isotherm. [13] Based on this assumption, the DG of adsorption was determined to be À6.1 kcal/mol (À25.5 kJ/mol or À10 kT). This is a very large free energy of adsorption, and one that easily competes with the strength of hydrogen bonds. What type of binding site would have to be responsible for this behavior is not clear. Also, interestingly, comparing the data of Fig. 2B with that of Fig. 5A , we can see that the minimum of the surface tension does not coincide with the saturation of the resonant SHG response. The minimum in Dc is reached at $ 0.2 Â the SHG intensity saturation. Compared to well-known binding behavior of surfactants a leveling-off of the resonant SHG response should coincide with the lowest surface tension, which should remain constant at higher concentrations [56] . Both of these observations complicate the interpretation in the surface tension minimum in terms of a surface binding site.
The bulk
More recently, a non-resonant optical experiment, femtosecond Elastic Second Harmonic Scattering (fs-ESHS), was shown to report on the orientation order of water molecules in solution [33, 49] . Using this method, an ion induced increase in the orientational order of water molecules was found in 21 different electrolyte solutions. For every salt solution, the response was identical with increasing ionic strength. Fig. 5A shows the fs-ESHS response from the bulk solutions for NaI (purple squares) and NaCl (blue circles) salts as a function of ionic strength. As can be seen, the bulk response shows a trend similar to the surface response, but the curve is shifted to significantly lower salt concentrations, by approximately three orders of magnitude. The fs-ESHS intensity starts to rise at 5-10 lM, and saturates at $1-2 mM. This data clearly indicates that adding electrolytes to water results in a noticeable increase in the orientational alignment of water. Such an increase is not specific to the type of ion and occurs already at very low concentrations, indicating that the orientational ordering must be longer range than the first few hydration shells where ion-water interactions are specific [5, [57] [58] [59] [60] [61] .
Interpretation
The observed fs-ESHS intensity change as a function of electrolyte concentration appears in the PPP and PSS polarization combinations and not in the SSS and SPP polarization combinations [33] . The intensity changes, therefore, arise from the water and not from the ions. That this is so can be inferred from the following experimental observations: First, based on the selection rules for SHG [62] , changes in the intensity in the PPP/PSS polarization combinations, but not in the SSS/SPP polarization combinations, point towards structural correlations. This structural correlation must originate from orientationally correlated molecules that are themselves non-centrosymmetric and have some kind of spherical symmetry in their orientational distribution. Therefore, all centrosymmetric (spherical) ions are excluded as a source of the intensity change observed in the PPP response of Fig. 5 . If the intensity increase was dominated by single ions, the response would be present in all 4 polarization combinations. In addition, neither uncorrelated ions at low concentration nor correlated ions at high concentration are likely to have a spherical symmetry in their spatial distribution. Furthermore, pure H 2 O and D 2 O differ in their coherent responses (Ref. [33] , Fig. S5, supplementary material) .
It is also apparent from the fs-ESHS data that the underlying structural correlations must occur over longer distances than the first 1-3 hydration shells. If the intensity changes were to come from water that interacts with ions over a short-range via iondipole interactions, then we should have observed ion specificity (as in Fig. 1A ). Fig. 5B shows that ions in D 2 O induce a very different behavior than ions in H 2 O, without displaying any ion specificity. All of this implies that bulk water itself and in particular hydrogen bonding is crucial in the explanation of the observed differences in Fig. 5. In addition, Fig. 5B shows that there is a substantial difference between the fs-ESHS response of H 2 O solvated and D 2 O solvated electrolyte solutions. More specifically, the onset for the intensity rise along with the saturation concentration shift to higher electrolyte concentrations by a factor of $6. Both data in Fig. 5B is normalized to clearly demonstrate this 6 Â difference. This substantial shift verifies that the observed bulk response is, indeed, due to the change in the orientational order of water network, and not due to the individual ions.
Comparing the SH data from the surface and the bulk of Fig. 5 , it can be seen that the bulk water SH intensity changes occur at much lower concentrations than the surface ion SH intensity changes. It is also noteworthy that both curves can be described by a Langmuir equation, even though only one of the SH data sets reports on a surface phenomenon. Clearly, the fact that the data follows the functional form of a Langmuir isotherm is no guarantee that a surface process is involved. Interestingly, the fs-ESHS intensity saturation concentrations for both H 2 O and D 2 O match with the surface tension minimum of the Jones-Ray effect as seen in Figs. 2B and 5B. Thus, adding electrolytes to water results in an increase in the orientational ordering of water molecules. This increase arises from the response of the hydrogen bond network of water to the total electrostatic field of the ions. Such behavior can be qualitatively described by a function that is identical to the Langmuir isotherm, and can be derived from Debye-Hückel theory (Refs. [33, 63] ). The increase in the overall alignment of water molecules causes a slight increase in the free energy or chemical potential of the bulk water in the dilute electrolyte concentration, but the change is very small as the observed increase in alignment is also very small. In what follows we connect this interpretation of recent data to thermodynamic and electrostatic models of the surface tension that have been recently published.
Connecting second harmonic and surface tension data
The surface tension can be defined as the surface excess Gibbs or Helmholtz energy, c ¼ G [64] . Here the subscript a denotes the area and r indicates that the surface excess is given with respect to water. Under conditions of constant volume and pressure, for a 1:1 electrolyte dissolved in water, that is considered as an electroneutral species (indicated by s) we also have the Gibbs equation [25, 64] : 
The chemical potential l s reflects the free energy change of the system when a single electrolyte pair is added to the solution. It represents the sum of all intermolecular interactions associated with s. l s represents the chemical potential for a reference state (a solution that behaves ideally at infinite dilution) [64] .
Drzymala and Lyklema [25] , considered the temperature dependence of the surface tension and used it to show that c can be expressed as follows:
where S s is the entropy of hydration, which is a bulk property. The enthalpic term in this expression contains the unfavorable interactions with the surface region, for example as contained in the image charge expression by Onsager and Samaras. Eq. (8) also illustrates that a decrease in the hydration entropy as induced by an increase in the orientational order of hydrating water molecules in between ions decreases the surface tension, providing a connection with the discussed ion induced solvent changes of section II. The minimum observed in Fig. 1B and Fig. 2B derives from a response of the solute (water) to the combined electric field of the ions. The behavior observed in Figs. 1 and 2 can then be ascribed to the interplay of two interactions: The influence of the electric field of the ions on the water-water interactions, which is dominant at micro-to low millimolar salt concentrations that results in a lowering of the surface tension and relates to the entropic term of Eq. (8). The unfavorable interactions of ions with the interfacial region, due to iondipole interactions, polarizability and hydrogen bonding, cause an increase in the interfacial tension and become apparent at concentrations around 50 mM.
In addition to the above discussion based on the second harmonic experiments of section II, several recent theoretical works have applied field theories to find expressions for the concentration dependence of the surface tension [65] [66] [67] . In these theories, c is determined by the change in the purely electrostatic free energy of the solutions when a dielectric boundary is introduced.
cðx s Þ is given as a sum of two terms. A first term, due to the repulsion of ions by the interface, as described in the Onsager-Samaras model by an unfavorable interaction between an ion and its image charge induced by the dielectric boundary [1] . A second term is due to the induced polarization of the surrounding dielectric by the mean electric field of all the ions. As this field is stronger for higher concentrations, the dielectric is more stabilized: this interaction leads to a functional form for the surface tension of ÀA ffiffiffiffi x s p , where A is a constant. This contribution to the surface tension decreases with increasing x s . This second term has been ignored in some theoretical works in which only the high-concentration behavior was studied [66] , but is required to give a full picture of the concentration dependence of c, which leads to the observed behavior in Fig. 1 and 2 .
As these treatments of Refs. [65] [66] [67] are considering only purely electrostatic interactions, they can provide only a qualitative understanding of the behavior of cðx s Þ. More specifically, they are not sophisticated enough to explain the significant isotope effect observed, but do illustrate that the minimum in Fig. 1B and Fig. 2B is due to the response of the solvent to the combined electric field of the ions. This treatment is consistent with the treatment of Drzymala and Lyklema summarized in Eq. (8) . To capture the isotope effect observed in Fig. 2B more sophisticated modelling has to be performed, with more realistic water models. Thus, qualitatively the minimum in the surface tension can be explained by the interplay of two major mechanisms: firstly, the influence of the ions' electric field on the interactions between water molecules (described in field theories by the energy stored in the dielectric medium surrounding the ions, used as a model of the solvent), which is dominant at micro to low millimolar salt concentrations and results in a lowering of the surface tension. Secondly, the unfavorable interactions of ions with the interfacial region due to iondipole interactions, polarizability and hydrogen bonding (described by the repulsion between ions and their image charges), causes an increase in the interfacial tension and becoming apparent at concentrations around 50 mM.
Conclusions
In this work, we have proposed and discussed the underlying mechanism for the Jones-Ray effect, the surface tension minimum at $1-2 mM aqueous electrolyte concentrations. First, various concerns about the validity of the Jones-Ray measurements in the late 1930s and the recent reproduction of these results were addressed. More specifically, the influence of organic impurities, carbonic acid formation from CO 2 (g) in ambient air, and the role of the substrate, i.e. the Pt Wilhelmy plate, were tested. Explicit measurements were performed to address these concerns and their influences were shown to be minimal if there were any. Thus, the Jones-Ray effect is not an experimental artifact and relates to the interactions of ions with water. However, the conventionally proposed mechanism based on ion adsorption to a phenomenological rare binding site at the air/water interface was considered difficult to reconcile with the provided data. Instead, the underlying mechanism for the observed surface tension minimum was discussed in light of recent non-resonant bulk water and ion resonant surface second harmonic experiments. We propose that the surface tension minimum originates from bulk ion-induced water-water correlations rather than ion adsorption at the interface. As ions are added to water, the hydrogen bond network of water responds to the collective electrostatic field of ions by increasing its orientational order. This increase in orientational order gives rise to an entropic penalty, which causes a reduction in the surface tension. The proposed mechanism agrees with surface tension measurements of NaCl solutions in H 2 O and D 2 O, bulk non-resonant second harmonic scattering experiments that probe the orientational order of water in the same solutions, and surface ion resonant second harmonic reflection experiments that probe the interfacial population of the anions and does not require the presence of a rare binding site. In addition, we show that recently published thermodynamic and purely electrostatic treatments of the surface tension as a function of electrolyte concentration do provide support for this interpretation as the surface tension also relies on the hydration entropy of ions and the electrostatic interactions contain two counter-acting contributions to the surface tension.
